Introduction
============

Gastric cancer is one of the most common types of malignant tumors worldwide ([@b1-mmr-16-05-7513]). According to the data recently issued by World Health Organization International Agency for Research on Cancer, gastric cancer is still a serious health threat in many parts of the world, especially in some Asian countries, such as China, due to high incidence and low early detection rates ([@b2-mmr-16-05-7513]--[@b4-mmr-16-05-7513]). Due to symptomatic delay, many gastric cancer cases have developed into advanced stage with obvious invasion and migration of cancer cells by the time of diagnosis ([@b5-mmr-16-05-7513]).

Degradation of extracellular matrix (ECM) is recognized to be a key step in the complex processes of invasion and migration of cancer cells ([@b6-mmr-16-05-7513],[@b7-mmr-16-05-7513]). Many studies have demonstrated that matrix metaloproteinases (MMPs), a large family of proteolytic enzymes, serve an important role in resolving constituents of the ECM ([@b8-mmr-16-05-7513]--[@b10-mmr-16-05-7513]). MMP-2 and MMP-9 are proven to act as chief members in the family for their special abilities to degrade type IV collagen, the major component of basement membrane in ECM ([@b11-mmr-16-05-7513]--[@b13-mmr-16-05-7513]). It has been verified that the metastasis of various malignant tumors, including gastric cancer, are associated with an increase in MMP-2 and MMP-9 expression levels ([@b14-mmr-16-05-7513]--[@b17-mmr-16-05-7513]). Thus, expression levels of MMP-2 and MMP-9 are often used as important markers to evaluate the invasion and migration of cancer cells ([@b18-mmr-16-05-7513]--[@b20-mmr-16-05-7513]).

Paeonol (Pae, 2-hydroxy-4-methoxyacetophenone) is the principal bioactive component in the root bark of *Paeonia suffruticosa* Andr. (Ranunculaceae) and the root of *Cynanchum paniculatum* (Bunge) K. Schum, which are herbal medicines widely used in China ([@b21-mmr-16-05-7513],[@b22-mmr-16-05-7513]). A number of studies have demonstrated that Pae has inhibitory effects, including inhibition of cell proliferation and induction of apoptosis, on various malignant tumors ([@b23-mmr-16-05-7513]--[@b26-mmr-16-05-7513]). Anti-metastatic activities of Pae on human fibrosarcoma and chondrosarcoma cells have been reported ([@b27-mmr-16-05-7513],[@b28-mmr-16-05-7513]). Therefore, Pae may exert anti-metastatic activities in highly metastatic gastric cancer. Therefore, the present study aimed to investigate the effects of Pae on the growth, invasion and migration of poorly differentiated BGC823 gastric cancer cells with strong invasive and metastatic abilities.

In the present study, the anti-proliferative and pro-apoptotic effects of Pae on BGC823 cells were verified; it was also demonstrated that Pae could inhibit the invasion and migration of BGC823 cells. Furthermore, the expression levels of MMP-2 and MMP-9 were assessed, and their dose-dependent downregulation by Pae may be one of the potential mechanisms responsible for the promising anti-cancer effects of Pae.

Materials and methods
=====================

### Materials

Pae (solid, 20 mg/bottle, purity \>98% by high performance liquid chromatography) was obtained from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China; cat. no. MB1762-S). The BGC823 human gastric cancer cell line was obtained from CHI Scientific, Inc. (Jiangyin, China). RPMI-1640 medium and fetal bovine serum (FBS) were purchased from Hyclone; GE Healthcare Life Sciences (Logan, UT, USA). A Cell Counting kit-8 (CCK-8) was purchased from Beyotime Institute of Biotechnology (Shanghai, China). An Annexin V-fluorescein isothiocyanate/propidium iodine (FITC/PI) apoptosis detection kit was obtained from BD Biosciences (San Jose, CA, USA). Cell lysis buffer, antibiotic (penicillin and streptomycin) solution and dimethyl sulfoxide (DMSO) were from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). A Transwell chamber and Matrigel were from Corning Incorporated (Corning, NY, USA). An Enhanced Chemiluminescence (ECL) kit was from EMD Millipore (Billerica, MA, USA). A β-actin antibody, and horseradish peroxidase-labeled goat anti-mouse and anti-rabbit secondary antibodies (cat. nos. TA-09, ZB-2305 and ZB-2301 respectively) were from Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, China). MMP-2 (cat. no. YT2798) and MMP-9 (cat. no. YT1892) antibodies were from ImmunoWay Biotechnology Company (Plano, TX, USA).

### Cell culture and preparation of Pae solution

BGC823 human gastric cancer cells were routinely cultured in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin, in a humidified incubator (37°C, 5% CO~2~). DMSO was used as a solvent to dissolve Pae in serial concentrations (0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/µl). Corresponding concentrations of Pae in culture solution (0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/ml) were obtained for experiments by mixing 1 µl Pae/DMSO solution into 1 ml culture solution.

### CCK-8 assay

Cell viability was detected by CCK-8 assay. First, BGC823 cells were seeded into 96-well plates (200 µl, 5×10^3^ cells/well). During logarithmic cell growth, the medium was replaced with fresh medium containing Pae of serial concentrations (0, 0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/ml). Three wells were set for each concentration group. Culture medium containing equivalent DMSO without Pae was applied in control wells. CCK-8 reagent (10 µl) was added into each well under protection from light at 24 and 48 h of treatment. After 4 h, the absorbance (A) was measured at a wavelength of 490 nm using a microplate autoreader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The formula for calculation of relative inhibition rate (RIR) was as follows: RIR (%) = (the mean A value of control group-the mean A value of each concentration Pae group) /the mean A value of control group × 100%.

Based on the results of the CCK-8 assay, BGC823 cells were divided into four groups for subsequent experiments: Control group without Pae (0 mg/ml), low concentration Pae (LP, 0.1 mg/ml) group, moderate concentration Pae (MP, 0.2 mg/ml) group and high concentration Pae (HP, 0.4 mg/ml) group.

### Apoptosis analysis by flow cytometry

An Annexin V-FITC/PI assay was used to examine cell apoptosis of the four groups. BGC823 cells were seeded into 6-well plates (2 ml, 0.5×10^5^ cells/well) and treated with the corresponding concentration of Pae (0, 0.1, 0.2 and 0.4 mg/ml). After 24 h, cells in each group were harvested with 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), washed in cold phosphate-buffered saline (PBS) and centrifuged at 168 × g and at 4°C for 3 min. The supernatant was removed and the cells were resuspended with 400 ml binding buffer from BD Biosciences (San Jose, CA, USA), containing 0.1 M Hepes/NaOH (pH 7.4), 1.4 M NaCl and 25 µM CaCl~2~. Subsequently, 5 µl AnnexinV-FITC and 5 µl PI were added and mixed gently with the resuspended cells in the dark at room temperature. After a 15-min incubation, cell apoptosis was detected within 1 h of staining by flow cytometry (BD Biosciences). Apoptosis data was analyzed using FlowJo software version 7.6 (FlowJo LLC., Ashland, OR, USA).

### Cell scratch-wound healing assay

BGC823 cells were cultured in 6-well plates. Once cells had grown to 70--80% confluence as a monolayer, the monolayer was scratched in a straight line using 200 µl pipette tips along the bottom middle of the well to establish wound areas. Subsequently, the original culture solution was discarded, and the cells were washed gently twice with PBS. Subsequently, BGC823 cells in each group were cultured in new medium containing the corresponding concentration of Pae. At the set treatment time points (0, 24 and 48 h), cell wound areas were imaged under an inverted optical microscope (Olympus Corporation, Tokyo, Japan). The width of the cell wound was measured by Photoshop CS5 software version 12.0.2 (Adobe Systems Europe, Ltd., Maidenhead, UK). Healing rate (HR) was calculated as follows: HR (%) = (width of wound at 0 h - width of wound at 24 or 48 h) /width of wound at 0 h × 100%.

### Invasion assay

Transwell invasion assay was performed to determine cell invasion. BGC823 cells grown by routine culture were harvested and resuspended with culture solution containing the appropriate concentration of Pae for each group. RPMI-1640 medium supplemented with 20% FBS (500 µl) was added in advance into Transwell lower chambers in a 24-well plate. Following this, the resuspended BGC823 cells were seeded onto the artificial basement membrane (Matrigel) in Transwell upper chambers with 8 µm pores, and incubated for 24 h. Cells which had passed through the artificial basement membrane were fixed with 4% paraformaldehyde for 30 min, stained with crystal violet for 20 min at room temperature and air-dried. Meanwhile, the cells on the upside of the artificial basement membrane were cleared out. Subsequently, the stained cells were imaged under an inverted optical microscope. The numbers of stained cells were measured in three different randomly selected fields.

### Western blot analysis

The expression levels of MMP-2 and MMP-9 were detected by western blotting. Briefly, BGC823 cells of each treatment group were incubated for 48 h with exposure to corresponding concentrations of Pae. Subsequently, the culture solution was removed, cells were washed twice with PBS, lysed with an ice-cold mixture of lysis buffer and protease inhibitors, and centrifuged for 15 min at 19,700 × g at 4°C. The protein concentrations in the collected supernatant was determined using a Bicinchoninic Acid kit, and then the protein lysates were mixed with loading buffer and heated for 10 min at 98°C. Sodium dodecyl sulfate (SDS)-polyacrylamide gel (8% separating gel and 5% stacking gel) electrophoresis (PAGE) was used to separate the proteins, and 10 µl of each protein sample was loaded onto the corresponding lane of the gel. Following separation by SDS-PAGE, the proteins were transferred to a polyvinylidene fluoride membrane and blocked in a mixture of Tris-buffered saline with Tween-20 (TBST) with non-fat milk (50 mg/ml) for 1.5 h at room temperature. After being washed with TBST, the membranes were incubated at 4°C for 16 h with appropriate primary antibodies (1:1,000 dilution for MMP-2, MMP-9 and β-actin). Subsequently, the membranes were taken out, washed with TBST and incubated at room temperature for 1.5 h with the appropriate secondary antibody (1:5,000 dilutions for both anti-mouse and anti-rabbit). After being washed with TBST, the protein bands on the membranes were visualized using an ECL kit, processed by Image Lab Software 5.1 (Bio-Rad Laboratories, Inc.) and quantified by Image J software version 1.46r (National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

Data were analyzed using SPSS 20.0 software (IBM Corp., Armonk, NY, USA). All data are presented as the mean ± standard deviation. One-way analysis of variance and Student\'s t-tests were used to analyze statistical data. The post hoc test was performed using Tukey\'s method in conjunction with the analysis of variance to find means that were significantly different from each other. P\<0.05 was considered to indicate statistically significant difference.

Results
=======

### Inhibitory effect of Pae on the proliferation of BGC823 cells

To verify the inhibitory effect of Pae on the proliferation of gastric cancer cells, CCK-8 assays were used. The results ([Fig. 1](#f1-mmr-16-05-7513){ref-type="fig"}) demonstrated that at the 24 and 48 h time points, inhibitory rates of Pae on BGC823 cells increased gradually with the rise of concentration (0, 0.05, 0.1, 0.2, 0.4, 0.6 and 0.8 mg/ml). When the concentration of Pae was 0.4 mg/ml, the 24 and 48 h inhibitory rates were (53.3±2.1) and (56.1±2.4)%, respectively. However, when the concentration reached 0.6 mg/ml, the 24 and 48 h inhibitory rates were (68.3±1.6) and (80.1±6.0)%, respectively, revealing obvious cytotoxicity. According to the results of CCK-8 assays, low, moderate and high concentrations of Pae were established as 0.1, 0.2 and 0.4 mg/ml, respectively.

### Cell morphological observation

Observed under an optical microscope after 24 h of treatment ([Fig. 2](#f2-mmr-16-05-7513){ref-type="fig"}), BGC823 cells in the control group exhibited a clear shape and orderly arrangement. However, compared with the control group, the LP, MP and HP groups demonstrated obvious morphological changes. Furthermore, the HP group altered the most obviously with an unclear shape, disorderly arrangement, fewer cells and more cell death.

### Pae induces apoptosis of BGC823 cells

The pro-apototic effect of Pae on BGC823 cells was verified using an AnnexinV-FITC/PI assay. The results demonstrated that cell apoptosis rates of the LP, MP and HP groups, (12.7±2.2), (15.1±2.0) and (18.3±1.7)%, respectively, increased in a significant concentration-dependent effect and were markedly higher compared with the control group (P\<0.05 or P\<0.01; [Fig. 3](#f3-mmr-16-05-7513){ref-type="fig"}).

### Effects of Pae on the migration and invasion of BGC823 cells

To explore the effects of Pae on migration and invasion of gastric cancer cells, the cell scratch-wound healing and Transwell methods were applied, respectively. As presented in [Fig. 4](#f4-mmr-16-05-7513){ref-type="fig"}, the 24 h wound healing rates of the LP, MP and HP groups were (27.3±5.1), (19.3±2.9) and (14.7±7.3)%, and the 48 h wound healing rates were (36.5±4.6), (29.3±6.0) and (17.7±3.1)%, respectively, which were markedly reduced compared with the 24 and 48 h healing rates \[(43.5±4.6) and (62.5±5.0)%\] of the control group (P\<0.05 or P\<0.01).

The Transwell invasion assay demonstrated that the cell numbers passing the artificial basement membrane in the LP, MP and HP groups (118±17, 76±9, 42±7 and, respectively) were significantly reduced compared with the number of invading cells (332±16) observed in the control group (P\<0.01; [Fig. 5](#f5-mmr-16-05-7513){ref-type="fig"}). Together, the cell scratch-wound healing and Transwell assays demonstrated that Pae could inhibit the migration and invasion of BGC823 cells with a significant concentration-dependent effect.

### Pae downregulated the expression levels of MMP-2 and MMP-9 in BGC823 cells

In order to further investigate possible mechanisms of the inhibitory effects of Pae on the migration and invasion of gastric cancer cells, the expression levels of MMP-2 and MMP-9 in BGC823 cells were detected by western blotting. The results demonstrated that the expression levels of MMP-2 and MMP-9 in BGC823 cells of the LP, MP and HP groups were significantly reduced compared with the control group ([Fig. 6](#f6-mmr-16-05-7513){ref-type="fig"}). Furthermore, with the concentration increase of Pae from 0--0.4 mg/ml, the expression levels of MMP-2 and MMP-9 demonstrated a gradual concentration-dependent decrease (P\<0.05 or P\<0.01). Thus, the mechanism that Pae exerts an inhibitory effect the migration and invasion of BGC823 cells may, at least in part, be attributable to the downregulation of MMP-2 and MMP-9 protein expression.

Discussion
==========

Pae is a natural product, with a white needle crystal structure and melting point of 51--52°C that is extracted from the root bark of *Paeonia suffruticosa* and the root of *Cynanchum paniculatum*, and is widely used in traditional Chinese medicine (TCM) ([@b22-mmr-16-05-7513],[@b29-mmr-16-05-7513]). Medicinally, Pae is extensively implemented for its various pharmacological and physiological effects such as analgesia, antipyresis, sedation, immunoregulation, anti-inflammation and tumor suppression ([@b30-mmr-16-05-7513],[@b31-mmr-16-05-7513]). In clinical TCM anti-tumor treatment, *Cynanchum paniculatum* is usually prescribed for pain reduction. Our previous clinical observations indicated that the recipes with *Cynanchum paniculatum* could improve chemotherapy effects of gastric cancer patients at advanced stages of disease progression. Furthermore, Pae, the major bioactive component of *Cynanchum paniculatum*, was previously reported to enhance apoptotic induction effect of cisplatin on human hepatoma cells and reverse paclitaxel resistance in human breast cancer cells ([@b32-mmr-16-05-7513],[@b33-mmr-16-05-7513]).

The anti-cancer effects of Pae with respect to proliferation inhibition and apoptosis induction on cancer cells are well established in the scientific literature. However, the effect of Pae on tumor metastasis lacks conclusive evidence. Therefore, the present study aimed to investigate the effects of Pae with an emphasis on the invasion and migration of BGC823 gastric cancer cells with strong invasive and metastatic abilities. The results indicated that Pae could inhibit proliferation and induce apoptosis of BGC823 cells, which is in agreement with existing reports ([@b34-mmr-16-05-7513]). Furthermore, the present study presents, to the best of our knowledge, the first evidence of the inhibitory influence of Pae upon invasion and migration of BGC823 cells using cell scratch-wound healing and Transwell invasion assays.

In order to further investigate the possible mechanism of inhibitory activities of Pae on the invasion and migration of gastric cancer cells, the expression levels of MMP-2 and MMP-9 in BGC823 cells were determined after treatment with gradient concentrations of Pae. The results demonstrated that Pae could downregulate the expression levels of MMP-2 and MMP-9 in BGC823 cells in a concentration-dependent manner, which may account for anti-metastatic activities of Pae and represent a potential target mechanism for clinical development of its promising anti-cancer effects. Further studies are needed to investigate the anti-cancer effects of Pae and elucidate its more definite mechanisms of action.

Cell over-proliferation, inhibition of apoptosis and metastasis are basic biological characteristics of malignant tumors. For gastric cancer patients, cancer metastasis is often the main cause leading to disease aggravation and mortality ([@b35-mmr-16-05-7513],[@b36-mmr-16-05-7513]). Previous research has demonstrated that there are higher MMP-2 and MMP-9 expression levels in gastric tumors, especially in metastatic tumors, than in normal mucosa ([@b37-mmr-16-05-7513],[@b38-mmr-16-05-7513]). MMPs could be used as diagnostic markers in body fluid, and MMP-2 might be a prognostic marker in ascites of advanced gastric cancer patients with disseminated metastasis ([@b39-mmr-16-05-7513]). Additionally, MMPs have been selected as promising targets for cancer treatment based on their upregulation in malignant tumors and their ability to enhance cancer metastasis ([@b9-mmr-16-05-7513]). Therefore, along with the anti-proliferative and pro-apoptotic effects, the anti-metastatic activities exerted through downregulation of MMPs may support Pae to become a promising therapeutic candidate for the gastric cancer therapy.
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![Inhibitory effect of Pae on the proliferation of BGC823 after 24 and 48 h of treatment. Data are expressed as the mean ± standard deviation (n=3). \*P\<0.05 vs. same Pae concentration group at 24 h. Pae, paeonol. n, the number of independent experiments performed.](mmr-16-05-7513-g00){#f1-mmr-16-05-7513}

![Cell morphological observation in each group under an inverted optical microscope at the 24 h of treatment (magnification, ×200). Pae 0 mg/ml, control group; 0.1 mg/ml, low concentration Pae group; 0.2 mg/ml, moderate concentration Pae group; 0.4 mg/ml, high concentration Pae group. Pae, paeonol.](mmr-16-05-7513-g01){#f2-mmr-16-05-7513}

![Effect of Pae on the apoptosis of BGC823 cells. Cell apoptosis data were analyzed in each group after 48 h treatment with corresponding concentration of Pae at (A) 0 mg/ml, (B) 0.1 mg/ml, (C) 0.2 mg/ml and (D) 0.4 mg/ml. (E) Quantitative comparison of the apoptosis rates among groups. Data are expressed as the mean ± standard deviation (n=4). \*P\<0.05, \*\*P\<0.01 vs. 0; ^▲^P\<0.05 vs. 0.1; ^\#^P\<0.05 vs. 0.2. Pae 0 mg/ml, control group; 0.1 mg/ml, low concentration Pae group; 0.2 mg/ml, moderate concentration Pae group; 0.4 mg/ml, high concentration Pae group. FITC, fluorescein isothiocyanate; PI, propidium iodide; Pae, paeonol. n, the number of independent experiments performed.](mmr-16-05-7513-g02){#f3-mmr-16-05-7513}

![Effect of Pae on the migration of BGC823 cells. (A) Cell scratch-wound areas at 0, 24 and 48 h in each group were observed under an inverted optical microscope (magnification, ×200). (B) Quantitative comparison of the wound healing rates at 24 and 48 h among groups. Data are expressed as the mean ± standard deviation (n=6). \*P\<0.05 vs. 0; ^▲^P\<0.05 vs. 0.1; ^\#^P\<0.05 vs. 0.2. Pae 0 mg/ml, control group; 0.1 mg/ml, low concentration Pae group; 0.2 mg/ml, moderate concentration Pae group; 0.4 mg/ml, high concentration Pae group. Pae, paeonol. n, the number of independent experiments performed.](mmr-16-05-7513-g03){#f4-mmr-16-05-7513}

![Effect of Pae on the invasion of BGC823 cells after 24 h of treatment in each group. (A) Stained cells passing the artificial basement membrane were observed under an inverted optical microscope (magnification, ×200). (B) Numbers of stained cells were compared among groups. Data are expressed as the mean ± standard deviation (n=3). \*\*P\<0.01 vs. 0; ^▲^P\<0.05 vs. 0.1; ^\#^P\<0.05 vs. 0.2. Pae 0 mg/ml, control group; 0.1 mg/ml, low concentration Pae group; 0.2 mg/ml, moderate concentration Pae group; 0.4 mg/ml, high concentration Pae group. Pae, paeonol. n, the number of independent experiments performed.](mmr-16-05-7513-g04){#f5-mmr-16-05-7513}

![Effect of Pae on the expression levels of MMP-2 and MMP-9 of BGC823 cells at 48 h of treatment. Representative western blot images of (A) MMP-2 and (B) MMP-9 protein expression levels. Quantitative comparison of the expression levels of (C) MMP-2 and (D) MMP-9 among groups, with β-actin as a loading control. Data are expressed as the mean ± standard deviation (n=5). \*P\<0.05, \*\*P\<0.01 vs. 0; ^▲^P\<0.05, ^▲▲^P\<0.01 vs. 0.1; ^\#^P\<0.05 vs. 0.2. Pae 0 mg/ml, control group; 0.1 mg/ml, low concentration Pae group; 0.2 mg/ml, moderate concentration Pae group; 0.4 mg/ml, high concentration Pae group. MMP, matrix metalloproteinase; Pae, paeonol. n, the number of independent experiments performed.](mmr-16-05-7513-g05){#f6-mmr-16-05-7513}
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